ABSTRACT: Vitamin E behaves as an antioxidant and is well known for its protective properties of the lipid membrane. The most biologically active form of vitamin E in the human organism is α-tocopherol (aToc). Very recently et al. J. Am. Chem. Soc. 2014, 136, 203−210) it has been shown that aToc resides near the center of dimyristoylphosphatidylcholine (DMPC) bilayer, which is in stark contrast with other PC membranes, where aToc is located near the lipid−water interface. Here we report an unusual effect of this exceptional location of aToc on the dynamical behavior of DMPC membrane probed by incoherent elastic and quasielastic neutron scattering. For pure DMPC vesicles, elastic scan data show two step-like drops in the elastic intensity at 288 and 297 K, which correspond to the pre-and main phase transitions, respectively. However, inclusion of aToc into DMPC membrane inhibits the step-like elastic intensity drops, indicating a significant impact of aToc on the phase behavior of the membrane. This observation is supported by our differential scanning calorimetry data, which shows that inclusion of aToc leads to a significant broadening of the main phase transition peak, whereas the peak corresponding to the pretransition disappears. We have performed quasielastic neutron scattering (QENS) measurements on DMPC vesicles with various concentrations of aToc at 280, 293, and 310 K. We have found that aToc affects both the lateral diffusion and the internal motions of the lipid molecules. Below the main phase transition temperature inclusion of aToc accelerates both the lateral and the internal lipid motions. On the other hand, above the main phase transition temperature the addition of aToc restricts only the internal motion, without a significant influence on the lateral motion. Our results support the finding that the location of aToc in DMPC membrane is deep within the bilayer.
■ INTRODUCTION
Although vitamin E was discovered almost a hundred years ago, 1 its role in biological systems is still not completely understood. Various health issues, such as infertility, deterioration of the central nervous system, and hemolytic anemia have been associated with deficiency of vitamin E in humans. 2, 3 Vitamin E refers to any molecule in the group of two families of tocopherols and tocotrienols, which differ in side-chain saturation. Tocopherols contain a fully saturated side chain, whereas tocotrienols have three double bonds in the side chain. Because each family of tocopherols and tocotrienols has four members (i.e., α, β, δ, and γ), eight molecules can be mentioned as vitamin E. Out of these eight molecules, α-tocopherol (aToc) has been the most studied due to its highest bioavailability because the human organism preferentially absorbs and metabolizes this form. 4, 5 Typical physiological concentrations of aToc are in the range of 0.1 to 1.5 mol % of phospholipids. 6, 7 It has been asserted that α-tocopherol is the most important lipid-soluble antioxidant that protects membranes from oxidation by reacting with lipid radicals produced during the lipid peroxidation chain reaction. 8 It has also been shown that aToc is involved in intercepting free radicals diffusing into the membrane from the aqueous phase. 9 In addition to the membrane protective role, other actions of vitamin E, such as enzyme activation, inhibition of cell proliferation, and so on have been reported. 7, 10 Fluorescence emission spectra indicate that aToc is not distributed randomly in the lipid membrane but instead exists in domains enriched with aToc. This conclusion is also supported by differential scanning calorimetry and X-ray diffraction data. 7 Recently, the location of aToc in different lipid-based membranes has been investigated; it was found that for most membranes aToc is located near the lipid−water interface. 11, 12 It assumes a perpendicular orientation with the chromanol ring near the polar lipid headgroup. On the basis of these studies, a mechanism of antioxidant action of aToc has been proposed, in which the termination of lipid peroxyl radicals depends on the intrinsic disorder of acyl chains to bring lipid peroxides to the surface, where they can be terminated by aToc. 11 It has been shown that antioxidant activity is strongly correlated with the location of the chromanol ring within the membrane. 11 However, a remarkable exception was found in the case of dimyristoyl-phosphatidylcholine (DMPC) membrane, where the active chromanol of aToc was located deep inside the membrane, near the center of a bilayer. 13 No explanation for aToc's unusual behavior in DMPC bilayers has been given. A schematic of the location of aToc in the DMPC membrane is presented in Figure 1 . It has also been shown that aToc perturbs the structure of DMPC membrane much more than it perturbs other PC bilayer systems with different levels of unsaturation. 14, 15 In the present work we investigate the effect of aToc on the dynamical behavior of DMPC membrane in view of aToc's exceptional location in this model system. It is worthwhile to note that biological membranes are complex systems featuring a mixture of various lipids, membrane integral proteins, and other small molecules (e.g., cholesterol), which are self-assembled into a heterogeneous structure. A typical concentration of DMPC in biological membranes, such as lipoproteins, is ∼1% w/w. 16 Quasielastic neutron scattering (QENS) is a suitable technique for probing dynamics of molecules over a wide range of time scales, from nanoseconds to picoseconds, and has been used extensively to study selfassembled lipid bilayer systems.
17−29 Recently, we have successfully used QENS to understand the dynamical behavior of phospholipid membrane across the solid gel to fluid phase transition. 27 We have also investigated the effect of an antimicrobial peptide, melittin, on the dynamical behavior of membrane to find that the interaction of melittin with the membrane depends on the bilayer composition and physical state. 28 Here we report a QENS investigation of the effect of aToc on the dynamical behavior of DMPC membrane. We have carried out elastic neutron intensity temperature scans as well as QENS experiments on DMPC vesicles with and without aToc to examine in detail the effect of aToc on the phase and dynamical behavior of DMPC bilayer membranes.
■ MATERIALS AND METHODS
Materials. The phospholipid dimyristoylphosphatidylcholine (DMPC) was obtained from Avanti Polar Lipids (Alabaster, AL) in powder form. The α-tocopherol (aToc) was purchased from Sigma-Aldrich (St. Louis, MO). D 2 O (99.9%) was procured from Cambridge Isotope Laboratories (Andover, MA).
Preparation of Unilamellar Vesicles. DMPC lipid powders with and without 10 and 20 mol % aToc were dissolved in the appropriate amount of chloroform. A gentle stream of nitrogen gas was used to evaporate chloroform to obtain lipid films. Then, the films were placed under vacuum overnight to ensure that all residual chloroform was removed. The samples were then hydrated with D 2 O in such a way that the concentrations of solutions became 0.1 M DMPC. Deuterated water was used to minimize the scattering contribution from the solvent because the incoherent neutron scattering cross-section of hydrogen far exceeds, by more than an order of magnitude, both the coherent and incoherent scattering cross-section of other elements, including hydrogen isotope deuterium. It may be noted that protonated aToc at 10 and 20 mol % contributes about 6 and 12% of the incoherent scattering signal, respectively. These lipid suspensions went through five freeze−thaw cycles by alternately placing the suspensions in a warm water bath (323 K) and in a freezer (193 K). The vesicles were then extruded by means of passing the suspension about 30 times through a mini-extruder equipped with a porous polycarbonate membrane having average pore diameter of 0.1 μm. In the course of the extrusion process, the temperature of extruder was kept at ∼330 K to ensure that lipids were in the fluid phase.
Neutron Scattering Experiments. The elastic incoherent neutron scattering (EINS) and QENS measurements have been carried out to understand the effect of aToc on the dynamical behavior of membranes. A reactor-based backscattering spectrometer is the best choice for EINS because purely elastic intensities can be recorded in Doppler-driven monochromator stopped mode. Therefore, EINS experiments have been performed on 0.1 M DMPC vesicles with and without 20 mol % aToc using the High Flux Neutron Backscattering Spectrometer (HFBS) 30 at the NIST Center for Neutron Research (NCNR), Gaithersburg, Maryland. Standard configuration with Si(111) as monochromator and analyzer crystals corresponding to an incident and analyzed neutron energy of 2.08 meV has been used. Apart from the strong main phase transition, DMPC vesicles also undergo a rather weak transition from the solid gel to ripple phase. 31 Therefore, to investigate this transition, elastic intensity scan measurements have been carried out in the course of a heating cycle from 281 to 305 K with a slow ramp rate of 0.1 K/min to have sufficient statistics across the transition. At each temperature, count time was set to 2 min, thus providing a very fine temperature resolution increment of 0.2 K. The measured scattering intensity can be regarded as purely elastic within the instrumental energy resolution (∼0.8 μeV). QENS measurements have been done on 0.1 M DMPC with 0, 10, and 20 mol % aToc using a backscattering spectrometer, BASIS 32 at the Spallation Neutron Source (SNS), Oak Ridge National Laboratory (ORNL). With Figure 1 . Location of α-tocopherol (aToc) in the DMPC membrane. 13 Structures of aToc and DMPC are also given for a reference.
the experimental setup that we used, the spectrometer had an energy resolution of 3.4 μeV (full width at half-maximum for the Q-averaged resolution value) and a range of accessible energy transfers of ±100 μeV suitable for data analysis. The available Q range in the chosen set up was 0.3 to 1.9 Å −1 . For both EINS and QENS experiments, the vesicles samples were placed in annular aluminum sample holders with 0.5 mm internal spacing. These sample holders were selected to give no more than 10% scattering from the samples, thereby minimizing multiple scattering effects. QENS measurements have been carried out at three temperatures, namely, 280, 293, and 310 K, at which pure DMPC bilayers are in the solid gel, ripple, and fluid phase, respectively, as indicated by our elastic scan measurement. QENS measurements have also been carried out on pure D 2 O at the same temperatures as a reference sample. To obtain the instrument resolution data, QENS measurements were performed on DMPC vesicles at 10 K. MANTID software 33 was used to carry out standard data reduction, which included background subtraction and detector efficiency corrections.
Differential Scanning Calorimetric (DSC) Scans. Differential scanning calorimetric (DSC) experiments were performed on DMPC vesicles with 0, 10, and 20 mol % aToc using a NANO DSC Series III System with Platinum Capillary Cell (TA Instruments). For each vesicles solution, a 300 μL sample was used for DSC measurements. An equal volume of D 2 O was used as a reference. The thermograms were collected for both heating and cooling cycle for each vesicles solution with a scan rate of 0.5 K/min in the temperature range of 285−315 K. All measurements were carried out at 3-bar pressure.
■ RESULTS AND DISCUSSION
EINS is a suitable technique to investigate phase transitions and mobility in a sample via temperature scans. Any microscopic mobility in the sample shifts the scattering signal intensity away from zero energy transfer, thereby making the elastic intensity sensitive to the microscopic dynamics. An abrupt loss or gain of intensity in an elastic scan measurement is a strong signature of a phase transition, which is associated with a change in the microscopic dynamics at the transition temperature. EINS intensity scan measurements have been carried out on the 0.1 M DMPC with and without 20 mol % aToc loaded in the identical sample holders to ensure the same amount of DMPC in both elastic scans. The collected intensities have been normalized to the monitor counts and presented in Figure 2 . The elastic intensity is averaged over scattering angles corresponding to a Q range of 0.36 to 1.75 Å −1 . Because of a relatively smaller size and a lighter weight of aToc molecules floating within the membrane, their diffusion is known to be faster compared with the diffusion of the phospholipids. 34 Therefore, the scattering contribution of aToc is expected to be outside the resolution window of HFBS (∼0.8 ueV), especially in the fluid phase, and should not affect the elastic intensity scan.
Elastic scan for DMPC vesicles shows two steps, at 288 and 297 K, corresponding to the pre-(solid gel to ripple) and main (ripple to fluid) phase transition. However, the presence of 20 mol % aToc in the membrane eliminates both of these steps, indicating a strong impact of aToc on the phase behavior of the membrane. Although no step is evident in the case of DMPC with aToc, there is a change in the slope of the elastic scan around 296 K and, possibly, a less pronounced change around 286 K. The origin of this behavior is discussed later with the help of calorimetric measurements. It may be noted that the present elastic scan of pure DMPC measured at HFBS is significantly different from the elastic scan measured at BASIS, 27 where no pretransition was observed, and the main phase transition was also less abrupt. This is mainly due to a combination of a better energy resolution of HFBS compared with BASIS and a finer step temperature scan.
One can calculate average mean-squared displacement (MSD), ⟨u 2 ⟩, from the Q dependence of the elastic intensity (Q is the magnitude of the scattering vector) in the Gaussian approximation using the following equation (1)
Here the Q-dependent elastic intensities are first normalized to the lowest measured temperature (∼281 K) data and then fitted with eq 1 in the Q range of 0.25 to 0.75 Å −1 (to ensure validity of the Gaussian approximation), yielding average MSD. It is important to note here that data at the lowest measurement temperature are not purely elastic and therefore the so-obtained MSD represents only the values relative to the lowest measurement temperature. The MSD for DMPC with and without 20 mol % aToc in heating cycles is shown in Figure  3 . It is evident that MSD for DMPC increases almost linearly with the temperature until a sudden jump at 288 K, corresponding to the pretransition. Apart from this, a large jump in MSD can be seen at 297 K, corresponding to the main phase transition between the ordered and fluid states. It is worth mentioning that the values of MSD extracted from the elastic intensities depend on the parameters such as the energy resolution of the spectrometer, the Q range selected for the fitting, diffusion constant of the motion with respect to energy resolution of the spectrometer, and so on. 35, 36 A combination of these factors may explain the difference in the MSD values obtained here using the HFBS spectrometer and those previously obtained using the BASIS spectrometer. 27 In the ordered phase, the acyl chains are well ordered and have trans conformation which leads to lower average MSD. However, in the fluid phase, acyl chains are in the melt state and are fully disordered. During the main phase transition, lipid molecules The Journal of Physical Chemistry B Article act in a cooperative manner; therefore, a sudden jump in MSD is observed at the main phase transition. However, in the presence of 20 mol % aToc no jump in MSD is observed at the main transition, indicating that aToc has a significant effect on the cooperative behavior of the lipid molecules. The calculated MSD for DMPC with aToc can be divided into three regions, each having a different slope with temperature, as marked by the dashed lines. It is evident that in regions I and II, as the temperature is increased, the MSD increases more strongly compared with pure DMPC, indicating higher flexibility of lipid molecules due to the presence of aToc. However, in region III, the increase in MSD with temperature is more sluggish than that of DMPC, indicating stiffening of the lipid molecules.
To understand the effect of aToc on the phase behavior of the membrane, we have carried out differential scanning calorimetry (DSC) measurements on DMPC with and without 10 and 20 mol % aToc. Figure 4 shows DSC data for DMPC with and without aToc in heating and cooling cycles. It is evident from Figure 4 that DMPC vesicles undergo a first-order phase transition around 297 K. There is also a small hump in the DSC scan at ∼288 K, especially in the heating cycle, corresponding to the pretransition, in which the membrane undergoes a transition from the solid gel to ripple phase. It is known that such a pretransition is a rather weak transition, in which lipids acts less cooperatively, and therefore a broad peak with less enthalpy is observed in DSC, unlike for the main phase transition. 31 In the presence of 10 mol % aToc, the peak corresponding to the pretransition disappears, while the peak related to main phase transition becomes significantly broadened. Moreover, the main phase transition shifts toward lower temperatures. As the concentration of aToc increases further, to 20 mol %, the broadening of the peak corresponding to the main phase transition increases. It can be concluded that the presence of aToc prevents DMPC lipids from acting in a more cooperative manner and shifts the main phase transition toward the lower temperature. The DSC results are consistent with our elastic scan data, where no step-like drop in the elastic intensity has been observed near the pre-and main transition temperatures in the presence of 20 mol % aToc. The DSC results are found to be very similar to the calorimetric results on other saturated phospholipid, DPPC.
7,37 DSC measurements on DPPC membrane with different molar concentrations of aToc (namely, 0, 2.5, 5, 7.5, and 10 mol %) showed that even the presence of 2.5 mol % of aToc has a significant effect on the phase behavior of DPPC membrane. 7, 37 The pretransition is apparently eliminated, and the main phase transition temperature is reduced from 41.5 to ∼38°C. The main phase transition also becomes broadened, and its enthalpy decreases, indicating a smaller fraction of the phospholipid molecules participating in the main phase transition. As the concentration of aToc is increased, these trends continue up to maximum measured concentration of 10 mol % aToc. However, a recent DSC study 12 with 0.3 mol % aToc in both saturated phospholipids (DMPC and DPPC) has shown a marked difference in the effect of aToc on the phase behavior of the membranes. For DPPC, the addition of 0.3 mol % aToc has been found to suppress the main phase transition temperature, and a significant decrease in the corresponding enthalpy has also been observed. On the other hand, for DMPC, no effect from incorporation of 0.3 mol % aToc on the main phase transition and the corresponding enthalpy has been observed. However, when 10 mol % aToc was incorporated in the membranes, a very similar effect was observed in both DPPC and DMPC. It may be noted that although our elastic intensity scan and DSC data do not show the pretransition in the presence of aToc, it does not necessarily mean that the pretransition is indeed eliminated. 7, 37 Real-time X-ray diffraction measurement using synchrotron radiation on DPPC membrane with different molar concentrations of aToc (2.5 to 10 mol %) showed a clear gel-to-ripple and ripple-to-fluid phase transition. 7, 37 In view of the DSC results, the origin of the effect of aToc on the elastic scattering intensity and MSD of DMPC becomes rather evident. The boundaries of the middle region (region II) in DMPC with aToc approximately correspond to the onset and completion of the broad (disordered) calorimetric transition detected by DSC. In fact, only the relative sharpness of the phase transition in pure DMPC gives the visual effect of a step-like intensity change. We believe the introduction of aToc at 10 or 20 mol % does not completely The Journal of Physical Chemistry B Article eliminate the main phase transition in DMPC but makes it broader and weaker due to the introduced disorder. The disorder due to the presence of aToc manifests itself in the fact that the elastic intensity at lower temperatures does not reach the values of the corresponding elastic intensity in pure DMPC.
QENS measurements have been carried out on DMPC vesicles with different concentration of aToc (0, 10, and 20 mol %). Spectra from pure D 2 O were also recorded and subtracted from those measured for the vesicle solutions rather than modeled with a separate scattering function. It may be noted that the dynamics of hydration D 2 O in direct contact with the membrane is not necessarily the same as the dynamic of bulk D 2 O. However, the contribution of such hydration water would be negligible in the present case. Therefore, scattered intensity from the vesicles, I ves (Q,ω), can be obtained as
where ϕ is the volume fraction of D 2 O. Typical QENS spectra for DMPC vesicles with different concentration of aToc at Q = 1.1 Å −1 are shown in Figure 5 at all three measured temperatures. The measured spectrometer resolution is also shown in Figure 5 .
It is evident from Figure 5 that significant quasielastic broadening is observed for all of the vesicles with different concentrations of aToc at each temperature. At 280 and 293 K, in the presence of aToc quasielastic broadening increases compared with pure vesicles, thus indicating enhancement in the membrane dynamics. Conversely, at 310 K, where lipids are in the fluid phase, the inclusion of aToc has little visible effect on the observed QENS spectra, whereas the analysis described later shows that quasielastic broadening actually decreases slightly. These results are consistent with the elastic scattering intensity from vesicles with and without aToc, as shown in Figure 2 . It is clear from Figure 2 that below the main phase transition, there is less elastic intensity observed for DMPC with aToc compared with pure DMPC vesicles. This indicates that below the main phase transition, membrane is more flexible due to presence of aToc. At the same time, above the main phase transition, elastic intensity for DMPC vesicles with aToc is slightly higher than for pure DMPC, indicating modest stiffening of the membrane.
On the length and time scales observed by QENS, lipid molecules can undergo two different kinds of motions: (i) lateral, a motion in which the whole lipid molecules diffuse within the monolayer, and (ii) a relatively faster internal motion. 18, 27, 28 Thus, the scattering law for vesicles can be written as
ves lat int (3) where S lat (Q,ω) and S int (Q,ω) represent the scattering functions associated with the lateral and internal motions of the lipid molecules, respectively. The former is characterized by the continuous diffusion; 24, 27 therefore, the corresponding scattering law can be described by a Lorentzian function. For the internal motion, which is localized in character, the scattering law can be written as a linear combination of an elastic component and a Lorentzian function 17, 18, 27 
where A(Q) is elastic incoherent structure factor (EISF) and Γ int is the half width at half-maximum (HWHM) that corresponds to the internal motion. Hence, the overall scattering law for vesicles can be written as
ves lat lat tot lat int (5) where Γ lat is the HWHM of the Lorentzian corresponding to the lateral motion of the lipid molecules. Equation 5 was convolved with the resolution function, and the parameters A(Q), Γ lat , and Γ int were determined by a least-squares fit of the spectra. We used the DAVE software 38 developed at the NIST Center for Neutron Research. QENS spectra for DMPC vesicles with different concentrations of aToc are described well by the model scattering function (eq 5) at all measured temperature and all Q values. Typical fitted spectra for DMPC vesicles with 10 mol % aToc at 310 K are shown in Figure 6 . To gain more insight into the two dynamical processes, the parameters obtained from the fit are analyzed as a function of Q.
The Q dependence of HWHM of the Lorentzian due to the lateral motion is shown in Figure 7 for DMPC vesicles with different concentrations of aToc at all of the measured temperatures. It is evident that Γ lat varies linearly with Q 2 for all samples, indicating that the lateral motion is described by continuous Brownian diffusion using Fick's law, HWHM = D lat Q 2 , as shown by the solid lines in Figure 7 . Here D lat is the diffusion coefficient describing the lateral motion of the lipid molecules obtained from the slope of the linear fit. The variation of the D lat for DMPC with the concentration of aToc at all the three temperatures is shown in Figure 8 . It is evident from Figure 8 that inclusion of aToc accelerates the lateral motion of lipid molecules when they are in the ordered phase. For example, at 293 K, for DMPC vesicles the lateral diffusion coefficient is found to be 1.4 × 10 −7 cm 2 /s, whereas the value of 1.9 × 10 −7 cm 2 /s is determined in the presence of 20 mol % aToc. The enhancement in the lateral diffusion in the ordered phase is consistent with the results of the elastic intensity scan data, which indicate that even well below 297 K (the main phase transition temperature in pure DMPC) the lipid molecules are not in the perfectly ordered state. This indicates that the presence of aToc in the hydrophobic core has a strong influence on the organization of the lipid molecules, especially in the ordered phase. On the contrary, in the fluid phase, the inclusion of aToc does not have an influence on the lateral motion of lipid molecules.
A faster internal motion of the lipid molecule coexists along with the lateral motion. Recently, the internal motion of DMPC molecules in unilamellar vesicles has been successfully described by us in the gel and fluid phases. 27 A uniaxial rotational model, in which a fraction of hydrogen atoms of the acyl chain undergoes rotation on a circle with a radius, r, has been used to represent the internal motion of lipid molecules in the gel phase. Conversely, in the fluid phase, a different model of a localized translational diffusion was found more appropriate for the internal motion. 27 In that model, the hydrogen atoms residing on the different CH 2 units of the chain diffuse with different diffusivities within spheres of different radii. The scattering law for uniaxial rotational motion can be written as 17, 27, 39 
Here (1 − p) is the fraction of immobile hydrogen atoms, N is the number of sites equally distributed on a circle of radius r, j 0 Figure 6 . Typical QENS spectra for 0.1 M DMPC vesicles with 10 mol % aToc at 310 K fitted using eq 5 for the model scattering function. 
A summation for N = 12, a large enough number (>6), is found to be adequate for the Q range used in this work. The scattering law for localized translational diffusion model can be written as 27, 40 
where A n l (QR i ) (n, l ≠ 0,0) is the quasielastic structure factor, values of which can be calculated by employing the values of x n l . 40 R i and D i are the radius of the sphere and corresponding diffusivity at the ith site of the acyl chain from the polar head toward tail and can be given as
and
Here M is the number of CH 2 units in the acyl chain participating to the measured dynamics. For DMPC M equals 14. The hydrogens of the CH 2 unit closest to the polar headgroup undergo localized diffusion inside a sphere of the smallest radius, R min , with the minimum diffusion coefficient, D min . Away from the polar headgroup, both the radius of the sphere and associated diffusivity increase. Finally, the hydrogens at the terminal of the acyl chain (CH 3 ) are characterized by the largest size sphere of radius, R max , and the maximum diffusion coefficient, D max . The resultant EISF for this model can be written as
EISF and HWHM's for the internal motion for DMPC vesicles with different concentrations of aToc are shown in Figure 9a ,b, respectively, for all three temperatures. For pure DMPC vesicles at 280 K, the data are well described by uniaxial rotational diffusion model. However, in the presence of 10 and 20 mol % aToc, both uniaxial and localized translational diffusion models describe the data equivalently well, as shown in Figure 9a ,b. This may be due to perturbation in the molecular organization of the lipid molecules due to presence of aToc. 14 However, to facilitate the direct comparison of the data measured at 280 K, it is the parameters obtained from uniaxial rotational model for all of the concentrations of aToc that need to be discussed, as follows.
For pure DMPC vesicles, 53% of hydrogens in the acyl chain are found to undergo a uniaxial rotation on a circle of radius 1.5 Å with a rotational diffusion coefficient of 10.9 ueV. The addition of aToc does have an impact on the internal motion, and the fraction of mobile hydrogen (p) and rotational The Journal of Physical Chemistry B Article diffusion coefficient (D r ) are found to increase with the concentration of aToc. For DMPC vesicles with 20 mol % aToc, the fraction of mobile hydrogen is found to be 62%, and the rotational diffusion coefficient is found to be 14 ueV. However, the radius of rotation is found to be unchanged with the addition of aToc. The variation of fraction of mobile hydrogen and rotational diffusion coefficient is shown in Figure  10 .
Concerning the 280 K data sets, it should be noted that, regardless of the fit model used for DMPC vesicles with 10 and 20 mol % aToc, whether uniaxial rotation, or localized translation diffusion, the lower EISF values and the broader QENS signal compared with those measured for pure DMPC vesicles, as shown in Figure 9 , are indicative of the modelindependent plasticizing effect of aToc on the localized dynamics at this temperature.
For 293 and 310 K, we found that localized translation diffusion model previously presented describes the data well at all the concentrations of aToc (Figure 9a,b) . For DMPC vesicles at 293 K, the localized motions of the hydrogen atoms along the acyl chains are restricted to spheres of radii varying between 0.1 to 2.9 Å, with corresponding diffusion coefficient of 1.5 and 23.8 × 10 −7 cm 2 /s. Small values of R min and D min should be taken with reservation; they merely reflect the negligible movement of the hydrogens in the first carbon position held by the headgroup. Variation of maximum confining radius (R max ) and associated diffusion coefficient (D max ) for DMPC with the concentration of aToc is shown in Figure 11 at 293 and 310 K. It is evident that at 293 K the inclusion of aToc makes acyl chains more flexible as the radii of sphere (R max ) as well as the corresponding diffusion coefficient (D max ) increase. For DMPC vesicles with 20 mol % aToc, at 293 K, R max and D max are found to be 3.4 Å and 29.1 × 10 −7 cm 2 /s. As temperature is increased from 293 to 310 K for DMPC vesicles, a jump in value of R max and D max is observed. This can be understood in view of the fact that the lipid molecules undergo the main phase transition within this temperature range, as shown by our DSC and elastic scan data. At 310 K, the lipid molecules are in the fluid phase; therefore, they access larger available area, hence having higher flexibility. At 310 K, the inclusion of aToc is found to act in the opposite way to reduce the flexibility of acyl chain and restrict the internal motion, as R max and D max are found to decrease in the presence of aToc.
The present results can be compared with the previous studies, 41−45 investigating the effect of aToc on the dynamical behavior of the phospholipid membranes using various experimental spectroscopic techniques. Electron spin resonance and nuclear magnetic resonance studies 41, 42 reveal that incorporation of aToc affects the ordering as well as the reorientation dynamics of the acyl chains. In the gel phase, the mobility of lipid molecules increases, whereas in the fluid phase the rate of acyl chain orientation decreases. Time-resolved fluorescence anisotropy measurements 43 also indicate that the presence of aToc in the fluid phase of the membrane causes an increase in the order parameter and a decrease in the fluidity of the membrane. Fourier transform infrared spectroscopy studies reveal very similar behavior, indicating that in the gel phase 44 the incorporation of aToc increases the frequency of the CH 2 stretching bands, implying an increase in the number of gauche conformers or disordering in the acyl chain. However, in the fluid phase, a decrease in the average number of gauche conformers in the acyl chain due to incorporation of aToc was observed, indicating less disorder in the membrane. 45 These experimental studies 41−45 are consistent with the present neutron scattering results.
Our results suggest that inclusion of aToc affects not only the phase behavior of the membrane but also the dynamics of the membrane. We find that aToc affects both slow lateral and the fast internal motions. This is in contrast with our recent observation of the effect of melittin and cholesterol on the microscopic dynamics of the lipid bilayer. 28 Melittin has been found to alter mainly the lateral motion of the lipids. It has been found that melittin acts as a plasticizer in the gel phase, accelerating the lateral motion. Melittin acts as a stiffening agent in the fluid phase, restricting the lateral motion. The internal motion of the lipid molecules, however, is not much affected by incorporation of melittin. On the contrary, cholesterol does not influence the lateral motion in the gel phase but restricts the lateral as well as the internal motion in the fluid phase. The Journal of Physical Chemistry B Article These observations can be rationalized on the basis of the location and orientation of the additives in the membranes. It has been shown 46 that at low concentration melittin preferentially resides at the lipid−water interface, having orientation parallel to the bilayer. Hence, inclusion of melittin significantly affects only the lateral motion, which involves the whole lipid motion along the leaflet. On the contrary, hydrophobic cholesterol is located well inside the bilayer core, having a perpendicular orientation in such a way that its OH group resides in the vicinity of carboxyls group of the lipid molecules and can form hydrogen bonds. 47 Therefore, the inclusion of cholesterol affects both lateral and internal motions, especially in the fluid phase. From these observations, one may infer that when a guest molecule's location is at the interface of lipid and water it will mostly affect the lateral motion but not the internal motion. However, if a guest molecule resides within the bilayer, having strong interaction with the lipid molecules, it may affect both the lateral and internal motions. Recently, it has been shown that aToc has an exceptional location in DMPC membrane. 13 In all other phosphocholine membranes, aToc is located near the lipid− water interface. 11, 12 In DMPC, the location of aToc is found to be deep inside the hydrophobic core, that is, near the center of the bilayer. In this case, the major interaction of aToc with the acyl tails is hydrophobic in character and, therefore affects the internal motions as well. It may be noted that in the fluid phase, where lipid molecules are in a melted state, only the internal motion is restricted due to aToc. This observation is in sharp contrast with the case of cholesterol in DMPC, where both lateral and internal motions are hindered. Our observations are thus consistent with the previously identified location of aToc inside the deep hydrophobic core of the membrane. 13 
■ CONCLUSIONS
The effect of α-tocopherol (aToc), the most biologically active form of vitamin E, on the microscopic dynamics and phase behavior of the DMPC lipid membrane is found to be rather significant. Neutron elastic intensity scans suggest that the addition of aToc to DMPC introduces a disorder below the main phase transition that manifests itself in the much broadened main phase transition, in agreement with calorimetric measurements. Besides, the elastic intensity measured in the presence of aToc at low temperatures remains lower than that measured for pure DMPC, suggesting that aToc precludes high-order formation characteristic of the gel phase in pure DMPC. QENS experiments demonstrate the aToc affects not only the lateral lipid diffusivity but also the faster internal lipid dynamics. aToc enhances the internal lipid dynamics in the ordered phase (i.e., at 280 and 293 K) relative to the pure DMPC but slows it down at 310 K, above the DMPC phase transition temperature. This double effect by aToc of "plasticizing" the low-temperature dynamics yet "stiffening" the high-temperature dynamics is somewhat analogous to the effect of melittin on the membrane dynamics. The important difference is that melittin affects the lateral lipid diffusion, whereas aToc has a significant effect on the fast internal dynamics, unlike melittin. This could be explained by the location of aToc, which is near the center of the DMPC bilayer. Therefore, aToc can directly interact with the acyl tails, thereby strongly affecting the internal motions, besides the lateral diffusion motions. The unique location of aToc in DMPC 13 thus leads to the rather uncommon effect on the internal dynamics of the lipid molecules, largely defined by the interaction of aToc with the acyl tails. Our results suggest a link between the location of a guest molecule inside a bilayer and the influence of the guest molecule on the microscopic dynamics and phase behavior of the host membrane.
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